It is essential for brain research to elucidate how a single neuron projects its dendrites and axon fiber into the layers of the brain. Indeed, neuron morphology has provided insight into understanding brain function. Typically, dendrites of cortical pyramidal neurons spread widely across several layers of the cortex, and the length of these dendrites can vary from ∼20 micrometers to 1 mm. The width and branching of the dendrites depend on the distance from the soma, suggesting that such spatial differences in morphology relate to the functionality of the neuron, including the electrophysiological characteristics of the dendrite and synaptic efficiency[@b1][@b2]. There is often discordance between results obtained from an acute brain slice preparation and results from the intact brain, likely because severing the connectivity among neurons is unavoidable. Thus, a method is needed to visualize dendrites and all of the projections in the brain with high spatial resolution.

In comparison to confocal or other optical microscopy systems, two-photon microscopy offers a striking advantage in visualizing intact neurons within deeper layers of the living mouse brain[@b3][@b4][@b5][@b6][@b7]. Indeed, the penetration depth for *in vivo* two-photon microscopy is superior compared to confocal microscopy in the same preparation among various organs, likely because the excitation wavelength for two-photon excitation is in the range of near infrared, where the absorption coefficient is lowest in biological specimens. We have already visualized cell bodies and basal dendrites of layer V pyramidal neurons at ∼700 μm from the brain surface in the live H-line mouse brain[@b8]. However, we were not able to detect enhanced yellow fluorescent protein (eYFP) signals at layers deeper than layer V with a sufficient signal-to-background ratio required for visualizing neurons. In addition, in these deeper regions, the spatial resolution tends to degrade. Therefore, to observe neurons with a superior signal-to-background ratio, we sought a novel light source for eYFP excitation, of which the intensity is stronger and the wavelength is longer compared to a commonly used laser---Ti:Sapphire laser.

For conducting *in vivo* observation over an extended period of time, a mechanically stable apparatus for securing the mouse head is necessary. Open-skull surgery (or cranial window) is usually performed on anesthetized mice for two-photon microscopic observation of their brains *in vivo*[@b9][@b10][@b11]. In open-skull surgery, a part of the skull is replaced with a piece of cover slip. This technique is thought to be suitable for observing the deeper regions of the brain because it avoids light scattering in the bone under the objective lens. When the cover slip is not perpendicular to the axial direction of the objective lens, optical aberrations can occur and result in degradation in focusing the excitation light in the specimen[@b12]. Thus, this complication necessitates an apparatus to secure the mouse head during surgery and observation that would allow for accurate adjustment of the cover slip at an angle perpendicular to the axial direction of the objective lens.

In this study, we developed a novel near-infrared semiconductor-laser-based picosecond 1030-nm optical pulse source, which is directly led to a laser-scanning microscope, without a negative chirp system. The specification of our laser has 2-W maximum average output, 20-MHz repetition rate, and 5-picosecond duration at individual pulse. The peak-power of the pulse at the output of the optical main amplifier is 10 kW, because the gain of the main amplifier was achieved over a thousand times compared with our previously reported laser[@b13][@b14][@b15]. In addition, the pulse width of 5 picoseconds did not broaden at the specimen and thus did not require a negative chirp system. Furthermore, we also report a method to maintain the mouse head on an adapter stage with a horizontal adjustment mechanism, which will compensate for variations in the head position of the cover slip for each surgical operation. Here, by *in vivo* deep imaging of an H-line mouse (Thy1-eYFP) brains[@b8], we demonstrate the advantages of our newly developed two-photon microscopy technique, such as the increased penetration depth and successful *in vivo* imaging of hippocampal CA1 neurons.

Results
=======

Novel near-infrared semiconductor-laser-based light source with an upright two-photon microscope
------------------------------------------------------------------------------------------------

Our newly developed laser system, composed of a seed laser and amplifier, generated a 1030-nm picosecond laser pulse. The duration of individual pulses of the picosecond laser beam was approximately 5 picoseconds ([Figure 1a](#f1){ref-type="fig"}, inset). The M^2^ value (laser-beam-quality indication parameter) of the output laser beam was measured to be 1.2; this indicates that the beam profile is close to the ideal Gaussian beam (M^2^ = 1). The output power of the 1030-nm picosecond laser was manually controlled by adjusting the current in the main amplifier. The laser light was led directly to the scanner port of an upright two-photon microscope (BX61/FV1000, Olympus) ([Figure 1a](#f1){ref-type="fig"}). We placed a chirper in the light path from the Ti:Sapphire laser; however, a chirper was not necessary with the new laser, since the femto-second pulse broadened its width at the focal plane due to group velocity dispersion in the microscopy[@b16]. We placed a changing mirror switch (\*\*) in the middle of the optical pathway to compare the performance with the 910-nm femto-second pulse (∼100 femto-second) laser light generated by a Ti:Sapphire laser (Tsunami, Spectra-Physics). Shared by both lasers, a pair of lenses, i.e., Kepler\'s optics, was placed after the changing mirror in order to adjust the diameter in the laser beam to be suitable for the objective lens (XLPLN 25X WMP, Olympus) in the microscope.

Compatible adapter stage under the microscope
---------------------------------------------

We developed an apparatus, with a horizontal adjustment mechanism, to secure a mouse head under an upright microscope stage ([Figure 1b](#f1){ref-type="fig"}). To secure the mouse head onto the adapter plate, a 35-mm plastic culture dish with a hole was cemented onto the skull bone around the cranial window via dental cement. The body of the mouse was underneath the adapter stage (*see* **Experimental procedure)**. The angles of the plate in relation to the axial direction of the objective lens could be adjusted by turning three screws, resulting in the reduction of aberrations that occur when the objective lens and the cover slip on the skull are not parallel (data not shown).

Deep imaging of an H-Line mouse brain by *in vivo* two-photon microscopy with 910-nm femtosecond and 1030-nm pico-second lasers
-------------------------------------------------------------------------------------------------------------------------------

To compare the penetration depth of the newly developed 1030-nm picosecond laser to that of the 910-nm femto-second laser, we examined eYFP expressing pyramidal neurons in 4-week-old H-line mice ([Figure 2](#f2){ref-type="fig"}). We captured three-dimensional stacks as *z*-series of cross-sectional *xy*-images of eYFP fluorescence, and adjusted the power of the excitation laser lights according to the depth of the focal plane from the brain surface. When we obtained the *xy*-images at layers deeper than 500 μm from the surface of the brain, the power of the 910-nm femto-second or 1030-nm picosecond laser was 35 or 174 mW after the objective lens, respectively. Those values were the maximum we could apply for each laser. [Figure 2a](#f2){ref-type="fig"} shows that apical dendrites of pyramidal neurons spreading from layer V to layer I in the cerebral cortex were visualized with the 910-nm femto-second laser, while almost no signals were detected in layers deeper than 800 μm, except for several fiber-like structures in the white matter region at ∼900 μm depth. On the other hand, the 1030-nm picosecond laser revealed not only a panoramic view of cortical pyramidal neurons, it also revealed hippocampal pyramidal neurons beneath the cortex in a young adult mouse ([Figure 2b](#f2){ref-type="fig"}). Between the depths of 600 and 900 μm, we identified several somata in cerebral cortex pyramidal neurons, likely residing in layer V and VI. We also observed the basal dendrites of cerebral cortex pyramidal neurons ([Figure 3b](#f3){ref-type="fig"}). At the border of the cortical area, white matter and alveus hippocampi were clearly observed. Surprisingly, the somata of CA1 pyramidal neurons and apical dendrites were visualized in the hippocampal area. These results indicate that the penetration depth of the 1030-nm picosecond laser was ∼1.4 mm.

Next, we compared the three-dimensional stacks from the young-adult mouse (4-weeks-old) to those obtained from a live adult H-line mouse (over 8 weeks-old; [Figure 3](#f3){ref-type="fig"}). With the 910-nm femto-second laser, we acquired fluorescence images of apical dendrites spreading from layer V to layer I. In the cerebral cortex, however, we found somata of cerebral cortex pyramidal neurons lying horizontally only at the top of layer V (∼700 μm); this suggests that the 910-nm femto-second laser failed to visualize cerebral cortex pyramidal neurons occupying (vertically) the thick area just below the top region of layer V ([Figure 3a](#f3){ref-type="fig"}; see also [Figures 2a and 2b](#f2){ref-type="fig"})[@b17]. It is possible that we could not obtain sufficient signals due to the tendency for the optical transparency of the organ to degrade with aging[@b18]. The 1030-nm picosecond laser had superior penetration depth in the live adult mouse brain compared to the 910-nm femto-second laser: eYFP signals were detected in all layers of the cortex and white matter region ([Figure 3b](#f3){ref-type="fig"}). In addition, the 1030-nm picosecond laser enabled the visualization of basal dendrites at ∼900 μm ([Figure 3b](#f3){ref-type="fig"}; see also [Figure 2b](#f2){ref-type="fig"}).

Finally, we analyzed the three dimensional-stacks to evaluate the signal-to-background ratio and penetration depth of the 1030-nm picosecond laser. To distinguish a neural process in the *xy*-plane, the ratio of the fluorescence intensity to the background is critical, especially in the deeper regions of dim fluorescence. To avoid variation in the eYFP intensity as a result of morphological structure or fluctuation in the fluorescence image, we measured two average intensities: (1) in circles containing a section of an identical neural process of the single neuron for the "signal", and (2) in a neighboring circle for the "background" ([Figure 4a](#f4){ref-type="fig"}; *see also* **Experimental procedure**). We calculated signal-to-background ratios (*R)* among seven individual pyramidal neurons and plotted them in [Figures 4b and 4c](#f4){ref-type="fig"}. These figures show that, both in young-adult and adult mice, *R* decreased rapidly in layers deeper than 700 μm in the case of the 910-nm femto-second laser. In contrast, *R* was sufficiently higher even at similar depths in the case of the 1030-nm picosecond laser. Notably, for *in vivo* images of hippocampal CA1 neurons, we calculated higher *R*\'s with the 1030-nm picosecond laser in layers deeper than 1 mm in the young-adult mouse ([Figure 4b](#f4){ref-type="fig"}).

Discussion
==========

In this study, we described a novel *in vivo* two-photon microscopy technique that employs a newly developed 1030-nm high-power picosecond pulse laser enabling improvement in penetration depth up to ∼1.4 mm ([Figures 3](#f3){ref-type="fig"} and [4](#f4){ref-type="fig"}). Apical and basal dendrites and somata of cortical pyramidal neurons in live H-line mouse brains were successfully visualized by this novel laser ([Figure. 2](#f2){ref-type="fig"}, [3](#f3){ref-type="fig"}). We were also able to observe hippocampal CA1 pyramidal neurons in a young adult H-line mouse *in vivo* ([Figure 2](#f2){ref-type="fig"}).

With a 5-picosecond duration and 20-MHz repetition rate, this 1030-nm pulse laser has sufficiently induced two-photon excitation and revealed the morphology of neurons within deeper layers of the live mouse brain *in vivo*. We found that the laser wavelength of 1030 nm is suitable for the two-photon excitation cross-section of eYFP as described previously[@b19]. In contrast, the Ti:Sapphire laser could not excite eYFP at maximum efficiency, because it was not able to generate sufficient power at a wavelength over 1000 nm. Furthermore, a longer pulse duration of 5-picoseconds is suitable for *in vivo* two-photon microscopy as shown in this study and our previous study[@b14]. It is possible that the inefficiency of the two-photon excitation to a longer pulse duration may be compensated by a repetition rate of 20 MHz, a higher laser power of 2 W, or both. In addition, the 1030-nm picosecond laser light was generated by a semi-conductor diode laser system, while the 910-nm femto-second laser light was generated by a solid-state laser, the Ti:Sapphire laser. The laser intensity of the 1030-nm picosecond laser light was thus extremely stable, leading to a high signal-to-background ratio, and was easily handled compared to Ti:Sapphire lasers. These features might enable the visualization of hippocampal CA1 pyramidal neurons at ∼1.4 mm depth. This *in vivo* microscopy technique will facilitate the examination of spatial features of a single intact neuron in more detail, including the branching of dendrites and distribution of various types of spines in a live brain, which could reveal the underlying mechanisms of how the function of neural circuits emerges from the activity of neural cells. Indeed, two-photon microscopy has a wide range of applications; clinical applications, in particular, could benefit from this novel technique.

It has been reported that light near infrared is relatively harmless to living organs, which may be why two-photon microscopy with a near infrared laser is suitable for *in vivo* observation. For example, photo-bleaching or photo-damage did not occur during imaging of the hippocampal region, even when the maximum output of the 1030-nm picosecond laser (174 mW) was applied. Immediately after the mouse died, however, damage to brain tissue at the focal point was observed when the maximum power of the laser was applied (data not shown). This observation is consistent with the phenomenon that the live brain continually removes heat generated by the circulation of cerebrospinal fluid and/or blood flow. Such cooling action of circulation might permit *in vivo* two-photon imaging in live brains.

For live imaging over a long time period, it is critical to suppress vibrations produced by a beating heart or breathing. In our preparation, it took over 90 min to get a *z*-series of *xy*-images for a single stack ([Figures 2](#f2){ref-type="fig"} and [3](#f3){ref-type="fig"}). Various setups for securing the mouse head under the upright microscope have been proposed for *in vivo* two-photon microscopy[@b9][@b11][@b20]. However, here we proposed a stable stage with a horizontal adjustment mechanism. This procedure has an advantage in that there is no need to exchange a normal microscopy stage for a special or custom-built stage for *in vivo* observation. Our adapter stages were composed of a wide plastic dish containing emersion liquid (water or PBS), and were cemented tightly to the skull bone. With these conditions, we were able to conduct observations over a long time. Furthermore, our stage compensated for optical aberrations due to the angle of the cover slip against the surface of the objective[@b12]. Indeed, the angle was easily adjusted during observation by manipulating a bolt on the stage.

As discussed, our novel laser enabled the observation of whole cortical neuron processes, even in the adult mouse brain. However, it failed to visualize the synapses of hippocampal pyramidal neurons in a young adult mouse. Several researchers have reported the visualization of hippocampal pyramidal neuron synapses under *in vivo*-like conditions via the insertion of a GRIN lens directly into the cortex from the skull hole or the removal of a part of the cortex by local aspiration[@b21][@b22][@b23]. For elucidating brain function, these invasive methods of *in vivo* imaging are not ideal because of the potential effects of lesioning in the cortex. The imaging technique using our novel laser, on the other hand, was essentially non-invasive and could provide accurate information about brain function.

Recently, *in vivo* two-photon imaging of blood vessels using a longer-wavelength laser (1280 nm) was reported, and included imaging of vasculature within the layers up to a depth of ∼1.6 mm in the live brain[@b24][@b25]. In this study, a red polar fluorescent dye, i.e., Texas Red, was injected for visualizing blood. Simultaneous multicolor imaging with different fluorescent colors in the visible range would be difficult under that condition. In contrast, the 1030-nm picosecond laser light sufficiently excited eYFP fluorescence for visualization, suggesting that the wavelength is suitable for multicolor fluorescence imaging using eYFP and other shorter fluorescent dyes.

The present microscopy technique failed to visualize any structures in the St. Radiatum region of the hippocampal CA1 area deeper than 1.4 mm ([Figure 2b](#f2){ref-type="fig"}). This limitation in the penetration depth is likely due to the working distance of the objective lens used here (2.0 mm; XLPLN 25X WMP), since the fluorescence seemed to be substantially strong in the area lying vertically above St. Radiatum (1.1--1.4 mm; [Figure 4b](#f4){ref-type="fig"}). The difference between the working distance and the penetration depth corresponded to dead space, consisting of the cover slip and the cerebral spinal fluid, between the surface of the objective lens and the brain surface. In the future, an objective lens with a longer working distance is warranted for the evaluation of the penetration depth limit, leading to improvement in the penetration depth for *in vivo* two-photon microscopy. In summary, this novel *in vivo* two-photon microscopy technique can reveal the functional properties of cortical and hippocampal neurons using a functional fluorescent indicator[@b26]; this technique could provide insight into episodic memory[@b4][@b27] or other functions of neural circuits involving the hippocampus.

Methods
=======

Animals
-------

Young-adult (4 weeks-old) and adult (6 to 9 weeks-old) transgenic mice expressing yellow fluorescent protein (YFP) (YFP-H line[@b8]) for *in vivo* imaging were used in this study. All mice were housed with food and water *ad libitum* on a 12∶12 light-dark cycle (lights on from 8:00 to 20:00), with controlled temperature and humidity. The study was carried out in accordance with the recommendations in the Guidelines for the Care and Use of Laboratory Animals of the Animal Research Committee of Hokkaido University. The protocol was approved by the Committee on the Ethics of Animal Experiments in the Hokkaido University (No. 10-0119)

Cranial window for *in vivo* two-photon imaging
-----------------------------------------------

For high-resolution imaging of synaptic structures in the cortex of living mice, the overlying opaque skull bone should be partially removed to make a cranial window, namely, the "open-skull" glass window[@b3][@b7][@b28]. In the open-skull preparation a piece of the cranial bone is removed (about 3 mm in diameter), leaving the dura intact, and the exposed brain is covered with a thin glass cover slip (for detailed methods, see published protocols[@b20][@b29][@b30][@b31]).

Image acquisition
-----------------

The image stacks consisted of over 200 optical sections with 5-μm Z-steps, and were taken from the brain surface, an area covering 500 × 500 μm (512 × 512 pixels, 0.994 μm/pixel). These were obtained using a two-photon laser microscopy customized for *in vivo* imaging (FV1000 confocal microscope, Olympus; tsunami, Spectra-Physics Inc.) with a 25x water objective lens (NA 1.05). All of the fluorescence signals under 690-nm wavelengths were detected via the Non-Descanned Detector.

Data analysis
-------------

To calculate the signal-to-background ratio, all images were analyzed by NIS element Ver.4.00 (NIKON). The average signal and background intensity of each individual image from all depths were measured from two 20 μm--diameter areas (one around pyramidal neuron process and the other a non-signal area, n = 7 each).

The signal-to-background ratio (*R*) was defined as follows: Here, and are the fluorescence signal intensity in a single pixel and the number of the pixels in the region of interest (ROI) in the "signal" or "background" region, respectively (*see* [Figure 4](#f4){ref-type="fig"}).
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![Schematic diagrams for *in vivo* two-photon microscopy using a novel picosecond pulse laser and a system to secure the head of mouse under standard upright microscope stage.\
(a) Optical arrangement for the 1030-nm picosecond (newly developed) and 910-nm femto-second (Ti:Sapphire) lasers to be introduced into the microscope. The optical pathway from each laser is shown in green and red lines, respectively. The duration of an individual pulse of the 1030-nm laser beam was about 5 picoseconds (left). (b) The newly developed apparatus, with a horizontal adjustment mechanism, to secure the head of the mouse under an upright microscope stage. Three adjuster bolts are located on the adapter stage, and a 35-mm disposable dish was mounted on the head of the mouse. The mouse head was suspended from the adapter stage by the 35-mm dish, and the body was held under the stage by soft cloth. The stage angle could be manually controlled by adjuster bolt to ensure that the cover slip and objective lens were parallel, which would reduce optical aberrations.](srep01014-f1){#f1}

![Two-photon fluorescence imaging of cortical and hippocampal CA1 pyramidal neurons with 910-nm femto-second and 1030-nm picosecond excitation in a young adult H-line mouse brain.\
(a) Maximum intensity projections of three-dimensional stacks were obtained with 910-nm and 1030-nm lasers (b). Four normalized *xy* frames from the *z*-stack at various depths are shown, including the dura matter, apical dendrite, soma, white matter, and hippocampus, respectively (left panel). The arrowhead shows a part of a basal dendritic process at cortex layer V.](srep01014-f2){#f2}

![Two-photon fluorescence imaging of cortical pyramidal neurons with 910-nm and 1030-nm excitation in an adult H-line mouse brain.\
(a) Maximum intensity projections of three-dimensional stacks were obtained with 910-nm and 1030-nm lasers (b). Four normalized *xy* frames from the *z*-stack at various depths including the dura matter, apical dendrite, soma, and white matter, respectively (left panels). The arrowhead shows a part of a basal dendritic process at cortex layer V.](srep01014-f3){#f3}

![Quantitative analysis of signal-to-background ratios for *in vivo* imaging of neurons in the live mouse brain.\
(a) A cross-sectional- (*xy*-) image obtained at 600-μm depth in a young adult mouse. The left white or left yellow box indicates the "soma" (upper right) or "apical dendrite" (lower right) region, respectively. In the upper and lower right panels, the averages of "signal" and "background" were calculated from fluorescence intensities in a circle (20 μm diameter) around an individual neural process ("signal": red circle) and the background area ("background": green circle), respectively. Ratio *R* at the each process was obtained from the average signal divided by the background (*see* **Experimental procedure**). Depth dependence of the average and SEM of signal-to-background ratios (*R*) obtained in the young adult (b) and the adult mouse (**c**). Red and black circles indicate averages with the 1030-nm picosecond and 910-nm femto-second lasers, respectively (n = 7 processes, ±: SEM).](srep01014-f4){#f4}
